Selective unilateral spinal anaesthesia is a useful approach for ambulatory lower limb surgery because it allows more rapid home discharge compared to bilateral block. Infrequent use is due to the fact that obtaining selective unilateral block can be difficult, requiring attention to technique. We present a method with a high success rate that uses real-time monitoring of the sympathetic activity of the legs. In this prospective study, 56 patients scheduled for ambulatory knee arthroscopy had spinal anaesthesia in the lateral recumbent position, with hyperbaric bupivacaine 0.5% injected at 0.33 ml/min up to a maximum dose of 5 mg. Sympathetic tone of the legs was monitored by plantar electrical dermal resistance. The clinical effect was assessed by loss of sensation and muscle strength. The haemodynamic course and adverse events were monitored. The motor block was strictly unilateral in 55 patients (98%) and the sensory block was strictly unilateral in 53 patients (94%). The median decrease in systolic blood pressure was 6 mmHg. The time from subarachnoid puncture to arrival in the recovery room was 73 ± 23 minutes; the duration of stay in the recovery room was 70 ± 30 minutes. Three patients with a well-established block of adequate extent required conversion to general anaesthesia because of tourniquet pain. Urinary retention only occurred in the sole patient with bilateral block. This method of performing selective unilateral spinal anaesthesia using real-time monitoring of sympathetic tone of the legs has a high success rate and is associated with rapid eligibility for home discharge.
Spinal anaesthesia is a safe, inexpensive, rapidly performed technique for surgery of the lower extremities that has manageable effects on the circulation and respiration 1, 2 and provides better postoperative analgesia than general anaesthesia 3 . Despite its advantages, many institutions avoid the technique for outpatient surgery because discharge home can be delayed by urinary retention and prolonged immobility after conventional bilateral block with bupivacaine 3, 4 . Shorter-acting local anaesthetic agents, such as lignocaine, reduce discharge time but are contraindicated due to the high incidence of transient neurological symptoms 5 . Selective unilateral spinal block is an alternative approach for lower limb surgery for patients for whom general or neuraxial anaesthesia is being considered. It causes less impairment of lower limb motor function, has a lower risk of hypotension, bradycardia and urinary retention and significantly reduces the time to eligibility for home discharge 6 . However, the low reported success rates in achieving adequate, strictly selective unilateral block have impaired its general acceptance [7] [8] [9] . We describe a clinically suitable method of achieving a selective unilateral spinal block with a high success rate. The method is based on real-time monitoring of the sympathetic blockade of the legs during the slow administration of a small volume of local anaesthetic. Although pre-ganglionic sympathetic B-fibres are less sensitive to local anaesthetic than A-alpha or A-delta fibres 10 , they respond more rapidly 11 and are thus well-suited to real-time monitoring. A decrease in sympathetic tone causes a rapid reduction in the secretion of the plantar eccrine sweat glands, with a concomitant rapid increase in skin resistance. We used these changes in skin resistance to titrate the dose of the local anaesthetic. Skin temperature is also indirectly influenced by sympathetic blockade and, although it responds more slowly and less reliably than electrical dermal resistance, some researchers have employed it as a target parameter 7, 12, 13 . We employed a very low volume, very slow injection method and real-time monitoring of dermal resistance in patients undergoing outpatient knee arthroscopy. The effects on motor function, sensation and skin temperature of both legs, the sensory level of anaesthesia, the times to mobilisation and to home discharge, and adverse effects such as urinary retention, were recorded.
Materials and methods
This prospective study was conducted in an orthopaedic outpatient clinic (Baunatal, Germany) with the approval of our institutional review board (Ethikkommission der Universitätsmedizin Göttingen, Approval No.: 29/11/10, 22 March 2011). It was registered in the German Clinical Trials Register (Registration No.: DRKS00004906). The participating patients gave their written consent, having been verbally informed by the principal investigator and provided with written information.
All American Society of Anesthesiologists physical status I to III patients aged between 30 and 75 years scheduled for knee arthroscopy during the study period were evaluated in regard to having the procedure conducted under spinal anaesthesia. Exclusion criteria were contraindications to spinal anaesthesia (e.g. anticoagulation, aortic stenosis, etc.), a body mass index greater than 35 kg/m 2 , or likely conversion to arthrotomy. Two investigators performed the spinal blocks and the same two surgeons performed the operations.
Monitoring consisted of non-invasive blood pressure measurement, pulse oximetry and electrocardiography. A peripheral vein was cannulated and an infusion of electrolyte solution was started, after which patients received intravenous midazolam 1 to 3 mg, titrated to achieve mild sedation. Two adhesive silver chloride electrodes (e.g. 1 cm 2 electrocardiography electrodes) were applied to the sole of each foot, to measure skin resistance with a portable electrosympathicograph (ESG 1001 Monitor System, Dr. Janitzki Consulting Engineers, Altenbeken, Germany) 14 ( Figures 1 and 2 ). Measurement was made while the intravenous infusion was established.
Direct current was applied (<2 µA/cm 2 ) and changes in skin resistance were calculated in real time from the voltage change. Skin resistance is a function of the activity of the eccrine sweat glands 15 , which are innervated by sympathetic fibres 16 . Dermal resistance therefore increases after spinal block 17 . Since skin resistance is also affected by other factors such as ambient temperature or bloodflow, we used the difference in the skin resistance between the two feet (blocked side minus opposite side) and not the absolute values, to determine whether the effect of the spinal anaesthesia was unilateral.
Spinal anaesthesia was performed with the patients lying on the side of scheduled surgery with their knees tightly drawn up to their chest. The skin was anaesthetised with mepivacaine 1%, the L4 spinous process identified by palpation based on a line connecting the superior iliac crests, and a 26-gauge spinal needle (Atraucan®, B. Braun Melsungen, Melsungen, Germany) was inserted through the L4/L5 interspace. If unsuccessful, the L3/L4 interspace was accessed. When clear spinal fluid appeared in the hub, the needle was rotated so that the bevel faced downward (towards the side intended for surgery) and 0.5% hyperbaric bupivacaine (Carbostesin®, AstraZeneca, London, United Kingdom) was injected. The maximum total dose of 1 ml (5 mg) was drawn into an insulin syringe and an initial volume of 0.7 ml was injected over a period of slightly more than two minutes, at a calculated mean rate of 0.33 ml/min. The difference in plantar dermal resistance between the two feet was monitored and, if it remained less than 10% or was negative, then the remaining 0.3 ml was also injected at the same rate. The patient remained in the lateral decubitus position for 20 minutes to allow the local anaesthetic to fix, in order to prevent unfixed drug from affecting the contralateral leg. Twenty minutes was the average of the times used in other studies investigating unilateral spinal block [6] [7] [8] [9] 12, 13, [18] [19] [20] , although this may not be necessary in clinical practice since a study by Povey et al 21 suggests that bupivacaine fixes within a few minutes.
Medial knee skin temperature, muscle strength, epicritic (well-localised sensation such as pin-prick) and protopathic (poorly localised sensation such as coarse touch or temperature) sensation were measured and recorded for both legs. Muscle strength was graded on the 0 to 5 Medical Research Council (MRC) 1976 22 scale (5=normal strength, 4=still able to move against resistance, 3=only able to move against gravity, 2=only able to move with gravity eliminated, 1=flicker or trace contraction, 0=no movement). The criteria for a successful unilateral block were reduction of strength in the knee joint of the block side by at least one MRC grade, with no change on the opposite side or an increase in the difference in skin resistance between the two feet of at least 10% and loss of sensation to pin-prick only on the block side.
If the spinal anaesthetic was unsuccessful for any reason, the operation was performed under general anaesthesia. If the block was not possible due to anatomical reasons, the patient was excluded from further analysis. If the block was initially successful but insufficient for the entire procedure, general anaesthesia was induced, but the patient was still evaluated for time to home discharge, postoperative pain, urinary retention and other adverse events.
Blood pressure, heart rate and peripheral oxygen saturation were monitored continuously and recorded before performing the spinal block and at five minute intervals during the operation. Hypotension was defined as a systolic blood pressure lower than 80% of the baseline value or a mean arterial pressure below 60 mmHg and was treated with a fixed combination of cafedrine (a beta-adrenergic receptor agonist) and theodrenaline (an alpha-adrenergic receptor agonist) (Akrinor®, ASTA Medica, Essen, Germany), as well as intravenous fluid. A heart rate below 50 per minute, associated with hypotension, was treated with atropine. In the post-anaesthesia care unit the patients were managed by nursing staff who were unaware that the patient was participating in a study.
The criteria for home discharge were stable vital parameters within normal limits, tolerable pain with oral analgesics, no nausea or vomiting and return of muscle strength to an MRC grade of 4 or higher (grade 5 if the intraoperative grade was 4). Voiding was not a prerequisite for discharge, but patients who had not voided were to be contacted by telephone six hours after discharge and questioned with regard to possible difficulties in voiding. If urinary retention was present the patient was to be admitted to the hospital for bladder catheterisation if necessary. On discharge, the patient was given a prescription for oral postoperative analgesics (ibuprofen 600 mg three times daily, metamizole 1 g four times daily and a rescue tramadol 50 mg) and was released in the care of a responsible adult.
Patients were contacted at home on day two post surgery and interviewed with regard to headache, paraesthesiae and their satisfaction with the anaesthetic, satisfaction being graded on a scale of one (very satisfied) to six (very dissatisfied).
Statistical analysis
The primary outcome was a successful unilateral spinal block as determined both clinically and by electrical dermal resistance. Secondary outcomes were skin temperature, time to eligibility for home discharge, incidence and magnitude of cardiovascular changes and perioperative events such as hypotension, bradycardia, nausea and vomiting and urinary retention. The number of study participants was calculated from the expected success rate for a unilateral motor block and a specified confidence interval. From previous experience and literature review we estimated the success rate to be 90%. A sample size of fifty participants was required for the desired confidence interval of the results to be less than ±10%. The data were analysed 
Results
Fifty-six patients subjected to spinal anaesthesia for knee arthroscopy participated in the study ( Table 1) . Details of the puncture site, injected volume of bupivacaine and extent of sensory block are shown in Table 2 .
The sensory block was unilateral in 53 patients and bilateral in three (95% success rate for unilaterality, 95% confidence interval 90% to 100%). The motor block was strictly unilateral in 55 patients, with muscle strength reduced to MRC grade 4 or less on the side to be operated, but remaining at MRC grade 4 or higher on the contralateral side (98% success rate, 95% confidence interval 96% to 100%). The motor block was totally bilateral in one patient who had an identical block in each leg.
The objective changes following the block are detailed in Tables 3 and 4 . The post-block change in skin resistance between the two sides significantly increased (P <0.001) in 91% of the patients. Skin temperature increased significantly on the affected side by a median of 1.1°C (0.5°C to 6.9°C), with no increase on the opposite side. The temperature difference between the two legs changed by at least 0.5°C among 88% of the patients (Table 3) . Eighty-six percent of the patients fulfilled all three criteria for unilaterality, namely motor, sensory, and sympathetic block ( Table 4) .
The median systolic blood pressure decreased significantly by 6 mmHg following the block (Table 5) . Sympathetic block was defined as a ≥10% increase in the difference between the skin resistances of the two feet, due to a rise in the skin resistance on the block side. MRC=Medical Research Council.
The average time from the insertion of the spinal needle until arrival in the postoperative care unit was 73 ± 23 minutes (mean ± standard deviation). The patients were discharged home after a mean stay of 70 ± 30 minutes. Urinary retention requiring in-out catheterisation occurred in the patient with a bilateral block. The patient subsequently voided and was eligible for discharge after 150 minutes. Three patients complained of nausea but none vomited. Two patients reported a headache at home. Patient satisfaction with the method was 1.4 ± 0.9 and all patients said they would request the same method again.
Discussion
In this study we achieved a success rate of 98% in achieving a unilateral spinal block, which is greater than the success rates of 13% to 94% described in other studies [6] [7] [8] [9] 12, 13, [18] [19] [20] . The wide range of success reported probably reflects the lack of a standardised procedure for performing the spinal block. Published studies differ with regard to speed of injection, total dose and type of local anaesthetic, method for monitoring the effect and the time allowed for fixation. Of these, the injection rate appears to be the most important factor. Two studies directly compared the effect of different injection rates and found better success achieving a unilateral effect with a slower injection 12, 13 . With an injection rate of 0.5 ml/min, which is 33% faster than that used in this study, the success rates were 48% 12 and 94%
13
. Both studies used 0.5% hyperbaric bupivacaine, but Enk et al 12 used a higher dose (7 to 8.5 mg) while Apaydin et al 13 used a dose very similar to that used in our study.
Other studies did not directly compare different injection rates, but all employed rates that were markedly faster than the rate we used. These rates ranged from 1 ml/min (success rates between 13% 18 and 41% 7 ) to 7.5 ml/min (success rate 10.5% 12 ), although the importance of injection speed is not confirmed by all studies. Kuusniemi et al 19 injected hyperbaric bupivacaine 6 mg at a rate of 7.2 ml/min and described a unilateral sensory block in 83% of the patients. In the same study, they compared the same 6 mg dose in either a hyperbaric or isobaric solution using the same injection speed and described a higher success rate for the hyperbaric preparation (83% versus 37% unilateral sensory block). Increasing the dose of the local anaesthetic also appears to reduce the success rate for unilateral block, with success decreasing from 41% to 25% as doses of hyperbaric 0.5% bupivacaine increased from 7 to 10 mg 7 . We believe that monitoring the early effects of the spinal block using change in skin conductance might prevent the application of an excessive local anaesthetic dose and thus, increase success in obtaining a strictly unilateral block. Few other study groups have monitored sympathetic blockade of the leg 7, 12, 13, 20 and in three of those studies only skin temperature was recorded 7, 12, 13 . Meyer et al 7 reported that skin temperature was an unreliable parameter. Tanasichuk et al 20 used hyperbaric tetracaine 4.4 mg injected at a rate of less than 0.6 ml/min and described a success rate of 67% for obtaining a unilateral block. They measured skin resistance to confirm the unilaterality of the sympathetic block but not to guide the total dose.
In this study we compared skin resistance and skin temperature as parameters for assessing unilaterality. In 51 of 56 patients the difference in skin resistance between the two feet increased by more than 10%, which was our criterion for a unilateral sympathetic block. In forty-nine patients the difference in skin temperature increased by at least 0.5°C, and thus fulfilled a previously published criterion 7, 12, 13 . We suggest that our definition is suitable for comparing studies.
In our opinion, the high success rate in our study can be attributed to the fact that the local anaesthetic was injected slowly and that the dose was modified according to the changes in sympathetic tone. Blocking sympathetic innervation of the lower limb increases blood flow, leading to a potential increase in skin temperature, and reduces the activity of plantar eccrine sweat glands, resulting in a subsequent increase in skin resistance. Either parameter can be assessed to monitor the block, with skin temperature easier to measure than electrical resistance. However, Haemodynamic values are median (range). Conversion to general anaesthesia was necessary in three patients due to intolerable tourniquet pain, in spite of an adequate block level.
skin temperature responds less rapidly and is subject to more confounding factors, such as ambient temperature, draugh, position of the limb and vascular pathology with impaired perfusion. Measuring skin resistance requires more sophisticated equipment but responses to changes in sympathetic innervation are rapid and less subject to interference.
There was a small difference in the number of patients deemed to have a unilateral effect depending on the parameter under observation: the motor block was unilateral in 55, sensory block in 53 and sympathetic block in 51 of the 56 patients. This may be due to the differential sensitivity of the corresponding nerves to local anaesthetics, since a more sensitive nerve on the contralateral side is more likely to be affected by a lower concentration of local anaesthetic. In one patient, the block was bilateral, affecting both sides equally. In three patients, conversion to general anaesthesia was required because of intolerable tourniquet pain, despite preoperative evaluation demonstrating loss of sympathetic innervation, diminished muscle strength and loss of cutaneous sensation. Severe pain of this type, which is attributed to ischaemic activation of unmyelinated C fibres 23 , the type of fibre least sensitive to local anaesthetics, can occur despite an otherwise adequate block.
Conclusion
In conclusion, the method of achieving selective unilateral spinal anaesthesia used in this study had a high success rate. The technical requirements are simple and easily applied to an ambulatory setting. Patients were eligible for early home discharge and the method was well accepted by patients having ambulatory lower limb arthroscopy.
